The early history of island Southeast Asia is often characterized as the story of two major population dispersals: the initial Paleolithic colonization of Sahul ;45 ka ago and the much later Neolithic expansion of Austronesian-speaking farmers ;4 ka ago. Here, in the largest survey of Indonesian Y chromosomes to date, we present evidence for multiple genetic strata that likely arose through a series of distinct migratory processes. We genotype an extensive battery of Y chromosome markers, including 85 single-nucleotide polymorphisms/indels and 12 short tandem repeats, in a sample of 1,917 men from 32 communities located across Indonesia. We find that the paternal gene pool is sharply subdivided between western and eastern locations, with a boundary running between the islands of Bali and Flores. Analysis of molecular variance reveals one of the highest levels of between-group variance yet reported for human Y chromosome data (e.g., U ST 5 0.47). Eastern Y chromosome haplogroups are closely related to Melanesian lineages (i.e., within the C, M, and S subclades) and likely reflect the initial wave of colonization of the region, whereas the majority of western Y chromosomes (i.e., O-M119*, O-P203, and O-M95*) are related to haplogroups that may have entered Indonesia during the Paleolithic from mainland Asia. In addition, two novel markers (P201 and P203) provide significantly enhanced phylogenetic resolution of two key haplogroups (O-M122 and O-M119) that are often associated with the Austronesian expansion. This more refined picture leads us to put forward a four-phase colonization model in which Paleolithic migrations of hunter-gatherers shape the primary structure of current Indonesian Y chromosome diversity, and Neolithic incursions make only a minor impact on the paternal gene pool, despite the large cultural impact of the Austronesian expansion.
Introduction
Indonesia, the world's largest archipelago, is a chain of more than 17,000 islands that stretches between the continents of Asia and Australia, dividing the Pacific and Indian oceans. The ;240 million inhabitants are extremely diverse, speaking more than 750 languages and representing .300 different ethnic groups. Within this extreme diversity, several large-scale patterns give clues to the early settlement history of the region. Early explorers noticed morphological differences from east to west that were dramatic enough to lead Alfred Russell Wallace to designate a human phenotypic boundary demarcating the transition between Asian and Melanesian features. Relative to his more well-known biogeographic boundary, this line lies slightly east, running between the islands of Sumbawa and Flores (Wallace 1869) . The languages of the region follow a similar pattern, with the majority belonging to the extensive Austronesian language family but with more distantly related Papuan languages occurring in the Far Eastern provinces, especially in areas where Melanesian features predominate (Wallace 1869; Howells 1973; Pietrusewsky 1994; Cox 2008) .
To explain these patterns, the prehistory of this region has often been framed as the story of two major range expansions: the initial Paleolithic colonization of Sahul ;45 ka ago (Kirch 2000; Roberts et al. 2001; Leavesley and Chappell 2004; O'Connell and Allen 2004; Barker et al. 2007 ) and the much later Neolithic expansion of Austronesian-speaking farmers (4-6 ka ago) out of mainland Asia or Taiwan into Indonesia and the Pacific (Kirch 1997; Diamond 2000; Gray and Jordan 2000; Su et al. 2000; Capelli et al. 2001; Hurles et al. 2002; Kayser et al. 2003 Kayser et al. , 2006 Karafet et al. 2005 Karafet et al. , 2008 Li et al. 2008) . In this scenario, the Austronesian expansion shaped the primary genetic, linguistic, and cultural diversity of the region, and the distribution of Papuan languages and phenotypic features are remnants of the initial colonization, which survived for thousands of years amid significant climatic changes and cultural shifts.
Although appealing in its simplicity, this two-phase model is inconsistent with information from numerous sources that point to a far more complex history for the region. Recent work on human mitochondrial DNA (mtDNA) suggests that the majority of the region's maternal gene pool has a pre-Austronesian origin and that the distribution of mtDNA haplogroups is better explained by climatic and sea-level changes following the Last Glacial Maximum rather than the expansion of farmers out of mainland Asia and/or Taiwan (Hill et al. 2007; Soares et al. 2008) . Ethnobotanical and linguistic evidence suggests a significant pre-Austronesian westward dispersal of bananas and their cultivators from New Guinea into eastern Indonesia and possibly even further west (Denham and Donohue 2009) . Work on pig mtDNA points to multiple distinct migrations not only eastward out of Southeast Asia but also within Wallacea itself (Bellwood and White 2005; Larson et al. 2005; Lum et al. 2006) . These data suggest that the pigs of Melanesia and Oceania trace their maternal origin to Southeast Asia rather than to Taiwan, which has been proposed as the place of origin of the Austronesian language family based on linguistic diversity (Blust 1995; Bellwood 1997) .
Even within linguistics, the source of the Austronesian languages remains controversial, and dispersals both into and out of Taiwan are still debated (Meacham 1984; Gray and Jordan 2000; Diamond and Bellwood 2003) . In addition, recent small-scale studies (Lansing et al. , 2008 have added to our understanding of the contact dynamics that occurred as Austronesian speakers moved into places where preexisting Papuan populations already lived. More recently, Indonesia, especially in the west, has experienced ever-increasing spheres of Eurasian influence, which have all led to major cultural changes, including trade with India and the establishment of Hindu kingdoms (from ;2.5 ka ago), the arrival of Arab traders and Islam from the Near East (;1 ka ago), and European contact within the past 500 years.
Although Indonesian populations have been surveyed in many previous genetic studies (Kayser et al. 2000 (Kayser et al. , 2001 (Kayser et al. , 2003 (Kayser et al. , 2006 Hurles et al. 2002; Redd et al. 2002b; Karafet et al. 2005; Li et al. 2008; Mona et al. 2009 ), there are still many open questions regarding the settlement history of the archipelago. One challenge is the sheer size and complexity of the Indonesian region, which makes comprehensive sampling difficult. To better characterize the paternal genetic landscape and to further disentangle the complex demographic history of the region, we present the largest survey of Indonesian Y chromosome diversity to date. In 2003, we established a close collaboration with the Eijkman Institute for Molecular Biology in Jakarta and have since sampled 1,917 men from 32 locations across Indonesia. Here, we report the results of genotyping these samples with an extensive battery of Y chromosome markers, both single-nucleotide polymorphisms (SNPs, n 5 85) and short tandem repeats (Y-STRs, n 5 12). Included in our set of SNPs are three markers (P201, P203, and JST002611) that have not been surveyed in this geographic region thus far and provide increased phylogenetic resolution of two of the major lineages (haplogroups O-M119 and O-M122) associated with the Austronesian expansion. In addition, our database contains the largest number of samples yet reported (n 5 873) from the eastern Indonesian province of Nusa Tenggara Timur, which is notable as a contact zone with high linguistic and cultural diversity.
Subjects and Methods

Samples
Our Indonesian sample comprised 1,917 males from 32 communities on 13 islands, including Sumatra (n 5 38), Nias (n 5 60), Mentawai (n 5 74), Java (n 5 61), Borneo (n 5 86), Bali (n 5 641), Sulawesi (n 5 54), Flores (n 5 394), Lembata (n 5 92), Sumba (n 5 350), Alor (n 5 28), Timor (n 5 9), and a composite group from the Maluku Islands (n 5 30). For many of these islands, the samples were collected at multiple traditional villages but have been pooled together in this study for a broad-scale analysis (supplementary table S1, Supplementary Material online). Buccal swabs were collected from volunteers by HS and/or JSL from 2003 to 2007 with informed consent by the donors. All sampling procedures were approved by the University of Arizona Human Subjects Committee, Balai Pengkajian Teknologi Pertanian (Bali), and the Government of Indonesia. For comparative analysis, we included an additional 763 previously reported samples from our database, representing 19 populations across Southeast Asia and Oceania Karafet et al. 2001 Karafet et al. , 2005 Redd et al. 2002b) . Figure 1 shows a map of the sampling locations, and additional information can be found in supplementary tables S1 and S2 (Supplementary Material online).
Genetic Markers
Polymorphic sites from the nonrecombining portion of the human Y chromosome (NRY) included a set of 82 binary markers published previously (Karafet et al. 2005) together with a set of three new polymorphisms, JST002611, P201, and P203 , that have not been typed at this scale before. The phylogenetic position of these markers and the haplogroups they define in our samples are shown in figure 2. A hierarchical genotyping strategy was used in which major haplogroups were predicted based on the array of Y-STR alleles contained on each Y chromosome (Schlecht et al. 2008) and then confirmed by genotyping of a smaller set of SNPs. Once the correct major haplogroup was identified, additional genotyping was restricted to the appropriate downstream mutations along the haplogroup tree ( fig. 2) . We follow the nomenclature recommended by the Y Chromosome Consortium (YCC 2002; Karafet et al. 2008) , focusing mainly on the mutation-based naming system. Potentially paraphyletic paragroups are distinguished from haplogroups by the asterisk symbol. We also analyzed 12 Y-STRs (DYS19, DYS385a, DYS385b, DYS388, DYS389I, DYS389II, DYS390, DYS391, DYS392, DYS393, DYS426, and DYS439) using methods described by Redd et al. (2002a) .
Statistical Analysis
The software package Arlequin 3.0 (Excoffier Schneider et al. 2005 ) was used to calculate several population parameters, including U ST distances, Nei's (1987) heterozygosity, and the mean number of pairwise differences among Karafet et al. · doi:10.1093/molbev/msq063 MBE haplogroups. Multidimensional scaling (MDS) (Kruskal 1964 ) was performed on the Slatkin's linearized U ST distances using the software package NTSYS (Rohlf 1998) . Median-joining (MJ) networks of haplotypes within certain haplogroups (Bandelt et al. 1999) were constructed using the Network 4.1c program. STRs were weighted according to their repeat number as described elsewhere (Karafet et al. 2005) . The program ArcMap 9.3 was used to produce geographical maps.
Results
Distribution of Y Chromosome Lineages
A total of 55 haplogroups (or paragroups) were found in our database of populations from Indonesia, Southeast Asia, and Oceania (supplementary table S1, Supplementary Material online). Figure 2 presents a maximum parsimony tree showing the evolutionary relationships of the clades present in our database. The majority of samples (;94.7%) belong to either haplogroup C (;22.5%) or three major subclades of haplogroup K (;72.2%): haplogroups M, O, and S, as well as K*. Figure 2 also shows frequencies of the most common haplogroups in four broad geographic regions: mainland/island Southeast Asia (we refer to this region, which includes both mainland and some island populations, as SEA), western Indonesia (WIN), eastern Indonesia (EIN), and Oceania (OCE).
Haplogroup C
The geographic distribution of C lineages (i.e., downstream from the RPS4Y mutation) is shown in supplementary figure S1 (Supplementary Material online). The high frequency and widespread distribution of these lineages are indicative of their long history in the region. Our results generally echo previous findings (Kayser et al. 2003 (Kayser et al. , 2006 (Kayser et al. , 2008 Cox and Mirazon Lahr 2006; Scheinfeldt et al. 2006; Cox et al. 2007; Mona et al. 2007 ) with paragroup C-RPS4Y* chromosomes found from Southeast Asia to eastern Indonesia, C-M38* found predominantly in eastern Indonesia, and C-M208 being limited to Melanesia and the Pacific islands (i.e., remote Oceania).
On a finer geographic scale, the C-RPS4Y* paragroup has a patchy distribution throughout SEA and Indonesia and is absent or at very low frequency further east in Melanesia and Polynesia. In SEA, the highest frequency is among the Yao in China (20%). It is also present in eastern Indonesia, achieving relatively high frequencies in Flores (29.2%) and Lembata (22.8%). The C-M38* paragroup is absent in western Indonesia but is the most frequent lineage in eastern Indonesia (33.5%), varying from 57% in Sumba to 11% in Sulawesi. It is also found at lower frequency in Melanesia and Oceania. Haplogroup C-M208, a subgroup of C-M38, is not found in eastern Indonesia and its geographic distribution is restricted to Melanesia and Polynesia.
Haplogroup K and Its Derived Lineages
The vast majority of samples belong to haplogroups derived from the M9 mutation. Within this group, we find a large number of samples belonging to haplogroups M (6.4%), O (55.0%), and S (6.0%). The K-M9* paragroup has a wide geographic distribution and is found on almost all the sampled The new polymorphism P256 joins haplogroups M-M5, K-M353, and K-P118 into superhaplogroup M ). In our survey, paragroup M-P256* is found at low incidence on Flores (2.5%) and New Guinea (6.3%). Many M haplogroups (M-P87, M-P22, M-M16, M-M353, and M-SRY9138) are observed primarily in Melanesia. The M-P34 haplogroup has a wider geographic distribution and is found at moderate frequency in eastern Indonesia (11.6%) and New Guinea (25%). M-P34 chromosomes are also observed in Bali and Malaysia, albeit at very low frequency. The associated Y-STR variance within the M lineage is not significantly different in eastern Indonesia and Oceania (0.587 vs. 0.706, P 5 0.213; supplementary table S3, Supplementary Material online).
Haplogroup S (S-M230) is another haplogroup with a primarily Melanesian distribution. The majority of S-M230 chromosomes are marked by a downstream polymorphism at M254, the derived form of which is present at 13.3% in eastern Indonesia and 12.1% in Melanesia. Only nine M230 chromosomes were found to have the ancestral state at the M254 site (i.e., eight in eastern Indonesia and one in Melanesia).
Haplogroup O, also derived from K, represents one of the major lineages in Indonesia. A total of 14 distinct O haplogroups/paragroups are found in our survey. Haplogroups defined by the M175 mutation fall into three main clades: O-M119, O-P31, and O-M122. Additional markers were typed in each clade, giving increased resolution to the geographic distribution of these haplogroups. O-M119 chromosomes were typed for two additional downstream markers: M110 and P203. P203 is a new marker that adds significant spatial resolution to this haplogroup (supplementary fig. S2 , Supplementary Material online). Although the O-M119* paragroup is virtually absent in our mainland/Southeast Asian sample (the exceptions are a single Han Chinese and a Malaysian), it is found at notable frequencies in western and eastern MBE Indonesia (11% and 3.2%, respectively). O-P203 now replaces what was previously O-M119* throughout much of SEA and Indonesia. It is especially notable that the majority of Taiwanese aboriginals in our survey are O-P203* (i.e., no individuals belong to O-M119* when P203 is typed). Subhaplogroup O-M110 is present in Indonesia, as well as among Taiwanese aboriginals and Filipinos.
The geographic distribution of O-P31 and downstream markers is shown in supplementary figure S3 (Supplementary Material online). In addition to the defining marker of this clade (P31), four additional markers were typed: M95, M111, SRY465, and 47z. O-M95 is of greatest importance in Indonesia and is present in both WIN and SEA, reaching its highest frequency on Bali (57.3%). It is nearly absent in Oceania and eastern Indonesia, with the exception of Sulawesi. Although it is at highest frequency in western Indonesia, there is greater Y-STR diversity associated with the O-M95 lineage in SEA than in Indonesia. Other O-P31 haplogroups are limited to SEA and are not found in our sample of Indonesians.
M122 chromosomes were further analyzed for the biallelic markers P197 (phylogenetically equivalent to M324), P2015JST021354, M7, M134, and JST002611. Supplementary figure S4 (Supplementary Material online) shows their geographic distribution. The derived O-M134, O-M7, and O-JST002611 subhaplogroups are absent or found at very low frequencies in Indonesia but are prevalent in different ethnic groups in China and SEA. Paragroup O-P197* is found at low frequency in Vietnam, the Philippines, and China (Han). A total of 17 O-M122* chromosomes were found, but only 2 of them were observed outside of Indonesia. Only paragroup O-P201* has a wide geographic distribution and is found in all geographic regions surveyed.
To explore the potential root of O-P201 chromosomes in Indonesia, we calculated genetic distances (R ST ) based on O-P201* STR haplotypes (supplementary table S4, Supplementary Material online). The divergence between Filipinos/Taiwanese aboriginals and Indonesians was insignificant and 10-fold less than that between Southeast Asians and Indonesians (0.027, P 5 0.11 vs. 0.349, P 5 0.00). Genetic distances between Oceania and Philippines/Taiwanese aboriginals were even lower (0.007, P 5 0.35).
Minor Lineages
The remaining ;5.3% of samples fall into a wide range of haplogroups. Other than haplogroups N and Q, which are found at highest frequencies in SEA (3.6% and 1.0%, respectively), most of the minor lineages (i.e., within haplogroups H, J, L, and R) reach their highest frequency in western Indonesia. This reflects their widespread distribution in this region, with lineages within the H, J, L, and P clades being found at low-to-moderate frequencies (i.e., ranging from ;3% to ;15%) on all western Indonesian islands, except Mentawai and Nias.
Population Structure
To examine population relationships, an MDS analysis was performed using haplogroup frequencies ( fig. 3) . All populations from eastern Indonesia cluster together on the left side of the plot with populations from Oceania scattered within this group. Western Indonesian groups show a closer affinity to populations from SEA rather than to populations from eastern Indonesia, with the exception of Sulawesi. Populations from Nias and Mentawai cluster together with Taiwanese aboriginals and form a cluster on the upper right side of the plot. This clustering may result from the high frequency of O-P203 chromosomes in all three populations.
In western Indonesia, 27 NRY haplogroups are present, whereas only 17 haplogroups are observed in eastern Indonesia ( fig. 2, supplementary table S2 , Supplementary Material online). The U ST value based on Y haplogroup frequencies using all 32 Indonesian populations was 0.40 (table 1) . When the 32 populations were divided into 13 islands, the U ST parameter became slightly higher (0.41), with high variation among populations within groups (U SC 5 0.28; U CT 5 0.19). When the 32 Indonesian populations were subdivided into two groups along Wallace's biogeographical line, the corresponding U ST value reached its highest value of 0.47, with a significantly higher betweengroup variation (U CT 5 0.28). Because the sample from Sulawesi had an intermediate position between EIN and WIN in the MDS plot, we also performed analyses of molecular variance with Sulawesi as a part of western Indonesia, but the U ST value remained 0.47 (data not shown).
Discussion
Here, we present a unified summary of paternally inherited diversity across Indonesia. Our typing of additional markers paired with new sampling, especially in eastern Indonesia, suggests a more refined interpretation of the distribution of several lineages and provides a more detailed picture of Y chromosome variation in Indonesia than has been previously presented. Perhaps the most striking result is the dramatic difference in haplogroup frequencies between western and eastern Indonesia. Levels of between-group variation, especially when populations are subdivided into western and eastern Indonesian groups, are some of the highest observed thus far for Y chromosome data (table 1) . Although a lack of data in central Indonesia (e.g., Lombok and Sumbawa) and insufficient sampling of Sulawesi make the exact location of this boundary uncertain, it is clear that the transition occurs somewhere between Bali and Flores in the vicinity of both Wallace's biogeographical and phenotypic lines (Wallace 1869; Cox 2008) . Limited published data (Li et al. 2008 ) from Lombok and Sumbawa indicate that this boundary may be at the eastern end, between Sumbawa and Flores. However, the low number of samples and limited number of SNPs that were typed make that result tentative. Figure 2 sheds light on the haplogroups that differ most significantly between these regions. Notably, haplogroups C-M38*, M-P34, and S-M254 account for more than half of Y chromosomes in the east, and yet they are nearly absent in the west. On the other hand, the O lineages O-P203, O-M95* and O-M119* account for more than 60% of Y Chromosome Colonization of Indonesia · doi:10.1093/molbev/msq063 MBE Y chromosomes in the west, and these lineages are found at less than 10% east of Wallace's biogeographical line. The hypotheses of a Melanesian origin of haplogroups C-M38*, M-P34, and S-M254 and an Asian origin of haplogroup O are fairly well accepted in the literature (see below); however, this scenario in itself does not explain why we find such an abrupt transition in eastern Indonesia. In the next sections, we address this question by performing a comparative analysis of the distribution of Y chromosome haplogroups found in Southeast Asia, Indonesia, and Oceania and then formulate a model that incorporates multiple episodes of colonization across the region.
Y Chromosomes of the Initial Settlement of Indonesia
The current consensus is that the mutations defining haplogroup C originated somewhere in Asia after the initial exodus of anatomically modern humans from sub-Saharan Africa (Hammer et al. 1998; Underhill et al. 2000; Ke et al. 2001; YCC 2002; Karafet et al. 2008) . The wide geographic distribution of paragroup C-RPS4Y* and its associated high Y-STR variance is consistent with an early entry into Indonesia. The finding that the derived lineages, paragroup C-M38* and haplogroup C-M208, are found only east of Wallace's biogeographical line parallels results of previous studies concluding that these mutations arose in eastern Indonesia or Melanesia (Kayser et al. 2003 (Kayser et al. , 2006 (Kayser et al. , 2008 Scheinfeldt et al. 2006; Cox et al. 2007; Mona et al. 2007 ).
The fine-scale sampling in this survey shows that C-M38* attains its highest frequency (and STR diversity) in eastern Indonesia rather than in Melanesia (supplementary table S3, Supplementary Material online), suggesting its origin may be further west than previously hypothesized. Although this general west-to-east pattern of ancestral and derived C lineages may reflect an ancient west-to-east settlement pattern, it is important to note that both C-RPS4Y* and C-M38* are paragroups, and as such, there are likely to be undiscovered downstream SNPs associated with these lineages. So, if we can accept the inference that M208 is an old Melanesian marker ), then 
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we should also consider all underived Indonesian C* lineages as the genetic legacy of the initial Paleolithic settlers of region. Because the presumed initial migration route took the early settlers through what is now western Indonesia, the lower frequency of both C* and its derived subclades in the west ( fig. 2 ) could be the result of either a continual eastward migration of the initial settlers (i.e., settlements were not permanently established in western Indonesia) or later waves of (partial) replacement. Like haplogroup C, K-M9 also represents an early founding lineage of the region. Today, paragroup K-M9* is widely distributed from Southeast Asia to Oceania and is associated with high levels of STR diversity (supplementary table S3, Supplementary Material online). Two major subclades of K (M and S) are thought to have arisen in Melanesia sometime after its initial colonization (Kayser et al. 2001 (Kayser et al. , 2003 (Kayser et al. , 2006 . In addition, derived haplogroups within M and S (M-P34 and S-M254) have been proposed to be markers of the expansion of speakers of Trans-New Guinea phylum languages from the interior of mainland New Guinea to surrounding Melanesian and eastern Indonesian islands 6-10 ka ago (Kayser et al. 2006; Mona et al. 2007 ). Interestingly, we find M-P34 and S-M254 at moderate frequencies (i.e., 10% and ;12%, respectively) in our eastern Indonesian sample, and Y-STR diversity associated with M-P34 in eastern Indonesia outpaces that in New Guinea (supplementary table S3, Supplementary Material online).
Given that C-M38, M-P256, M-P34, and S-M230 are common both in eastern Indonesia and in Melanesia, it is difficult to differentiate between these two regions as the homeland of these lineages. One possible explanation for the observed haplogroup distribution is bidirectional dispersal between eastern Indonesia and New Guinea across the Banda and Arafura seas. Indeed, the Papuan languages spoken in eastern Indonesia may be relatively recent translocations from western New Guinea (Pawley 2002 ). However, a simple model of recurrent gene flow does not explain why some haplogroups in figure 2 are specific to New Guinea/Oceania or the observation that none of the 71 different M-P34 12-locus STR haplotypes associated with M-P34 is shared between New Guinea and eastern Indonesia (data not shown). As in the case of C-RPS4Y*, it is important to remember that paragroup K-M9* chromosomes are widespread across Indonesia and reflect the ancient substrate upon which ''Papuan'' mutations occurred (i.e., P256 and M230). The moderate frequency of K-M9*, especially in eastern Indonesia (7%) and Oceania (11%), suggests that additional undiscovered markers that are informative for tracing other migratory trends may be present on these chromosomes.
Paleolithic versus Austronesian Paternal Contribution to Indonesia
In contrast with the C, M, and S haplogroups discussed above, haplogroup O and its major subclades (O-M122, O-M119, and O-M95) are thought to have originated on the Pleistocene Asian mainland (Su et al. 1999 (Su et al. , 2000 Capelli et al. 2001; Kayser et al. 2001 Kayser et al. , 2003 Kayser et al. , 2006 Shi et al. 2005; Li et al. 2008) . These haplogroups, especially O-M119 and O-M122, have drawn considerable attention as possible markers of the Austronesian expansion and the spread of agricultural technology from China/Taiwan into island Southeast Asia, Melanesia, and Polynesia (Kayser et al. 2000 (Kayser et al. , 2001 (Kayser et al. , 2003 (Kayser et al. , 2006 (Kayser et al. , 2008 Su et al. 2000; Capelli et al. 2001; Hurles et al. 2002) . Accordingly, we suggest that lineages within haplogroup O represent a later contribution to the genetic strata of Indonesia. A careful examination of the distributions of particular O lineages does, indeed, support the hypothesis of an Austronesian connection; however, the presence of the most common O haplogroups in Indonesia may be better explained by earlier Paleolithic contributions.
In western Indonesia, O-M175-derived lineages account for more than 80% of Y chromosomes. Paragroup O-M95* is notable because it is common in western Indonesia (e.g., achieving frequencies of .50% on Java and Bali) but is virtually absent east of Flores. This paragroup is widespread in south and southeast Asia (Karafet et al. 2005) , and it is unclear when it initially entered western Indonesia. The ancient time to the most recent common ancestor of this lineage and Asian distribution supports the hypothesis of a pre-Austronesian incursion of O-M95* into western Indonesia from Southeast Asia (Kumar et al. 2007 ). It has also been suggested that O-M95* chromosomes appeared in Indonesia after the initial colonization of the Pacific by Austronesian farmers and that the high frequency of O-M95* in Bali and Java may reflect an even more recent influx of males from the Indian subcontinent (e.g., possibly concomitant with the spread of Hinduism and the establishment of Indian kingdoms in the first millennium) (Karafet et al. 2005) .
O-M122, a haplogroup with a wide Southeast Asian distribution, has been proposed as a marker of the spread of Austronesian-speaking populations (Kayser et al. 2000 (Kayser et al. , 2006 Capelli et al. 2001; Karafet et al. 2005; Shi et al. 2005; Scheinfeldt et al. 2006) . The typing of additional SNPs within the O-M122 lineage results in a much more finegrained picture of the distribution of this clade in mainland and island Southeast Asia. High frequencies of the derived O-M134, O-M7, and O-002611 subclades are observed in different ethnic groups in China and mainland Southeast Asia. In contrast, these haplogroups are absent or only marginally present among Indonesian, Taiwanese aboriginal, and Pacific populations. The low frequency of O-M7 in western Indonesia (i.e., Bali, Java, and Borneo) and O-M134 in Polynesia most likely reflects recent connections with mainland China (see next section).
More notable are the results of typing the novel marker P201, which has the effect of converting almost all chromosomes outside of mainland Asia that were previously identified as O-M122* to O-P201*. Given this widespread pattern, it may be that O-M122 chromosomes previously found at high frequency on many Pacific Islands (Kayser et al. 2006 ) are actually O-P201* (in our small sample of 64 Polynesians typed here, 11 of 15 O-M122 carriers are Y Chromosome Colonization of Indonesia · doi:10.1093/molbev/msq063 MBE also O-P201*). Unlike the lineages discussed so far, the frequencies of O-P201* chromosomes are fairly constant (;7%) right across the major regions sampled here ( fig. 2) . Importantly, despite its relatively low frequency on Taiwan (;6%), genetic distances based on STR variation associated with P201 chromosomes reveal a much closer relationship among Taiwanese aboriginals/Filipinos, Indonesians, and Oceanians than between any of these groups and mainland Southeast Asians (supplementary table S4, online). Therefore, we hypothesize that this new marker traces the large population expansion associated with the spread of Austronesian languages and culture.
With regard to the hypothesis of a Taiwanese origin of the Austronesian people (Bellwood 2007) , the M119 mutation has drawn particular interest because these chromosomes are dominant among Taiwanese aboriginal groups (Su et al. 1999 (Su et al. , 2000 Kayser et al. 2000 Kayser et al. , 2001 Kayser et al. , 2003 Kayser et al. , 2006 Kayser et al. , 2008 Capelli et al. 2001; Hurles et al. 2002; Karafet et al. 2005; Li et al. 2008) . Previously, we found little geographic structure for O-M119* STR haplotypes and proposed that the absence of such structure might reflect an ancient dispersal, migrations from different source populations, and/or sustained gene flow from Southeast Asia (Karafet et al. 2005) . We also suggested that O-M119* chromosomes might represent a heterogeneous group of notyet-identified haplogroups. Here, we have substantiated the second claim and find that the additional mutation P203 allows significantly better geographic resolution of O-M119 chromosomes than previously possible. Many (but not all) chromosomes that were previously identified as O-M119* are now O-P203, including those from the Taiwanese aboriginals sampled here (i.e., all 34 M119 chromosomes are marked with the derived P203 mutation). The current results reveal that while the ''ancestral'' O-M119* lineage is virtually absent in mainland Southeast Asia, the derived O-P203 subclade is frequent there, as well as in western Indonesia ( fig. 2) .
The high frequency of O-P203 in western Indonesia (;24%) and much lower frequency in eastern Indonesia (;2%) and Oceania (,1%) ( fig. 2) are not easily explained by a model that links its spread solely with the Austronesian expansion. A highly reticulated MJ network based on Y-STR diversity is uninformative on the question of a Taiwanese affinity of Indonesian O-P203 chromosomes (data not shown). Genetic distances based on O-P203 Y-STR haplotypes are equally similar between Taiwanese aboriginals and Indonesians (RST 5 0.151) and Taiwanese aboriginals and mainland Southeast Asian populations (RST 5 0.156). However, sharing of 12-locus Y-STR haplotypes associated with P203 chromosomes was found between Taiwanese aboriginals and Indonesians (i.e., from Nias, Mentawai, Java, and Bali), whereas no such sharing was found between the Taiwanese aboriginal and mainland Southeast Asian P203 chromosomes in our sample. This suggests that some portion of Indonesian O-P203 chromosomes may have migrated from Taiwan.
A stronger case can be made for a Taiwanese affinity of Indonesian O-M110 chromosomes (Karafet et al. 2005; Kayser et al. 2008 ). An MJ network of 12-locus Y-STR haplotypes associated with O-M110 chromosomes has a central node composed of 2 Taiwanese aboriginal and 14 western Indonesian chromosomes (fig. 4) . However, although present in ;19% of Taiwanese aboriginals sampled here, O-M110 chromosomes are found at low frequencies elsewhere (with the exception of Nias), with only 1 of 182 samples in Oceania belonging to this haplogroup ( fig. 2,  supplementary table S2, Supplementary Material online) . In fact, a larger number of O-M119* chromosomes was found in Oceania (4 of 182). Thus, while it is possible that haplogroups O-M110 and O-P203 mark an expansion out of Taiwan, it is also possible that at least part of their distribution, especially in western Indonesia, reflects a preAustronesian dispersal of these haplogroups in island Southeast Asia. In this way, these lineages are reminiscent of mtDNA haplogroup E whose distribution in Taiwan and island Southeast Asia has been suggested to predate the Austronesian expansion (Hill et al. 2007; Soares et al. 2008 ).
Y Chromosomes Entering Indonesia in Historic Times
The remaining Indonesian chromosomes represent a range of haplogroups and account for only ;6% of the total sample. Some of these lineages have clear affinities with distant geographic regions and may mark incursions into Indonesia in recent times. For example, Indian contact ,2.5 ka ago may have introduced lineages within haplogroups H (H-M69, H-Apt, and H-M52), R (R-M124), and Q (Q-M346) to Indonesia (which accounts for ;2% of Indonesian Y chromosomes; supplementary table S2, Supplementary Material online). Interestingly, H-M69, H-Apt, and Q-M346 are observed only in Bali, which has the highest frequency of Indian Y chromosomes (Kivisild et al. 2003; Karafet et al. 2005; Gutala et al. 2006; Sengupta et al. 2006) , whereas Y chromosomes with Indian affinity (e.g., H-M52 and R-M124) are also found at lower frequencies in Java, Borneo, and Sumatra.
Although it is more difficult to pinpoint the source of J-M304, L-M20, and R-M17 lineages because they are present at relatively high frequencies in both Indian and Near Eastern populations (Karafet et al. 2005) , it is plausible that some of these lineages entered Indonesia recently with the spread of Islam. Overall, Indian and Arab influences are restricted to western Indonesia, particularly the adjacent islands of Java and Bali, where Indian and Arab cultural influences are self-evident (Lansing 1983) . Chinese influences occur here too (e.g., O-M7 is present at ,1% in Bali and ;11% in Java); however, they are more important in Borneo (e.g., O-M7 is found at ;20%), a major Chinese outpost dating from the Han dynasty (Ricklefs 1993; Taylor 2003) .
A Four-Stage Colonization Model for the Region
To integrate our phylogeographic inferences for the diverse set of haplogroups and populations surveyed here, we now formulate a four-stage colonization model that attempts to Karafet et al. · doi:10.1093/molbev/msq063 MBE account for the current pattern of Y chromosome variation in Indonesia (fig. 5 ). In the first stage, a Late Pleistocene arrival of the first anatomically modern settlers introduces basal C and K lineages to the entire region (which eventually give rise to haplogroups C-M38, M-P256, and S-M230 in eastern Indonesia/Melanesia). At the time of this expansion (;45-50 ka ago), sea levels were much lower and the shape of the coastline was very different from that of today ( fig.  5A ). For example, Sumatra, Java, Borneo, and other small groups of islands formed a direct extension of the Asian mainland-the Sunda continental shelf or Sundaland-and the deep-water channel separating Bali and Lombok marked the end of this land mass. Further travel eastward to Wallacea and Sahul required crossing water.
Climate change during, and at the end of, the last glacial period (33-16 ka ago) may have had an important effect on human diversity in the region, including an overall population decline during this period (Bird et al. 2005; Pope and Terrell 2008) . After 19 ka ago, the sea level began to rise again, with Southeast Asia reaching its present coastline by around 8 ka ago (Mulvaney and Kamminga 1999) . These climatic changes may have spurred a second round of expansion of hunter-gatherers into Sundaland from further north on the mainland (Soares et al. 2008) . Indeed, the spread of the Southeast Asian Hoabinhian culture into Sumatra may be one tangible marker of these movements (Bellwood 2007) .
We posit that dispersals of hunter-gatherers radiating over an extended period of time (e.g., 8-35 ka ago) introduced several major subclades of haplogroup O to Indonesia (e.g., O-M119, O-M95, O-P203, and O-M122) ( fig. 5B) . However, the current data do not inform us about the age of the sharp Y chromosome boundary between western and eastern Indonesia. Cox et al. (2010) genotyped a small set of ancestry informative markers on the autosomes and X chromosome and found a similar transition from Asian to Melanesian ancestry over a narrow geographic region in eastern Indonesia. Although clines that extend over long distances and that originate from well-differentiated source populations may be remarkably stable (Wijsman and Cavalli-Sforza 1984; Cavalli-Sforza et al. 1994; Fix 1999) , it is not clear how divergent human groups practicing similar subsistence strategies and living in close geographic proximity could have remained (semi-) isolated since the Late Pleistocene or why they may have done so. An alternate explanation is that the boundary is fleeting and formed recently through the mixing of groups that shared ancient common ancestry. Future studies of many more genome-wide markers should help to determine whether this ancestry cline reflects contact between differentiated hunter-gatherer groups in the Late Pleistocene (i.e., during this second stage of colonization in fig. 5B ) or more recent mixing resulting from the spread of farming populations.
The third stage of colonization corresponds to the Austronesian expansions. This maritime dispersal of rice agriculturists from southern China/Taiwan, beginning between 5.5 and 4.0 ka ago, resulted in the expansion of Austronesian languages throughout the region (Bellwood 2007 ). We (fig. 5C ). The final phase of settlement involves several incursions, especially into western Indonesia, during historic times ( fig. 5D ). The first of these is the spread of Hinduism and the establishment of Indian kingdoms, which took place between the 3rd and 13th centuries (Peter 1982; Karafet et al. 2005) . This resulted in the introduction of multiple haplogroups that derive from south Asia and today are found at low frequency in Bali, Java, Borneo, and Sumatra. The second is the spread of Islam (Tibbetts 1979) , ultimately from Arabia, which may have introduced paternal lineages within haplogroups J, L, and R. Finally, haplogroup O-M7 is a marker of recent Chinese influence.
Although the initial colonizers entered a landscape previously unoccupied by anatomically modern humans, subsequent expansions occurred into territory already inhabited by genetically differentiated groups. However, there is no evidence that any of these expansions resulted in a complete replacement of the Y chromosomes of previous inhabitants. This is evidenced by the survival of older genetic strata in both western and eastern Indonesia. Likewise, haplogroup O lineages associated with the Austronesians are only found at ,20% in western Indonesia and less frequently in eastern Indonesia and Melanesia, despite the fact that Austronesian languages predominate throughout most of the region. Finally, the migration processes that led to the most dramatic cultural and social change, the ''Indianization'' and ''Islamization'' of Indonesia, resulted in the smallest amount of genetic change (i.e., they only account for a small percentage of Indonesian Y chromosomes). Interestingly, the earliest settlers left the most durable pattern in the Y chromosome data: a sharp transition from Asian O haplogroups to Melanesian haplogroups (C, M, and S) over a small area in eastern Indonesia. From a Y chromosome perspective, more recent incursions of culture occurred without much of a corresponding genetic effect.
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